The activities of ceftriaxone, moxalactam, and ampicillin against Salmonella typhimurium LT-2 were compared in culture media at pH 5, 6, 7 and 8 and in mice inoculated intraperitoneally. The minimal inhibitory concentrations for strain LT-2 in Mueller-Hinton broth were 0.03 ,ug of ceftriaxone per ml, 0.08 Ixg of moxalactam per ml, and 0.4 ,ug of ampicillin per ml. A comparison of minimal inhibitory concentrations in buffered broth at pH 5 with those in media at higher pH values showed that ceftriaxone was more acid stable than the other antibiotics. Groups of CF-1 female mice inoculated intraperitoneally with 3 x 104 colonyforming units received saline or each drug in fourfold decremental doses by the subcutaneous route every 8 h for 3 days, beginning at 24 h after challenge. The mean log10 colony-forming units of S. typhimurium per spleen at the end of treatment and the mortality rates at 21 days after inoculation were measured for each treatment group. The mean log1o colony-forming units per spleen was significantly reduced from that of the saline control by dosages of .0.06 mg of ceftriaxone per kg, 64 mg of moxalactam per kg, or .16 mg of ampicillin per kg (P < 0.05). Mortality rates of infected mice were significantly reduced by dosages of -1 mg of ceftriaxone per kg or -64 mg of ampicillin per kg (P < 0.05), whereas moxalactam in dosages as high as 16 mg/kg did not significantly reduce mortality rate. These results demonstrate the superiority of ceftriaxone to the other tested antibiotics on a weight basis in this model of experimental Salmonella infection.
The activities of ceftriaxone, moxalactam, and ampicillin against Salmonella typhimurium LT-2 were compared in culture media at pH 5, 6, 7 and 8 and in mice inoculated intraperitoneally. The minimal inhibitory concentrations for strain LT-2 in Mueller-Hinton broth were 0.03 ,ug of ceftriaxone per ml, 0.08 Ixg of moxalactam per ml, and 0.4 ,ug of ampicillin per ml. A comparison of minimal inhibitory concentrations in buffered broth at pH 5 with those in media at higher pH values showed that ceftriaxone was more acid stable than the other antibiotics. Groups of CF-1 female mice inoculated intraperitoneally with 3 x 104 colonyforming units received saline or each drug in fourfold decremental doses by the subcutaneous route every 8 h for 3 days, beginning at 24 h after challenge. The mean log10 colony-forming units of S. typhimurium per spleen at the end of treatment and the mortality rates at 21 days after inoculation were measured for each treatment group. The mean log1o colony-forming units per spleen was significantly reduced from that of the saline control by dosages of .0.06 mg of ceftriaxone per kg, 64 mg of moxalactam per kg, or .16 mg of ampicillin per kg (P < 0.05). Mortality rates of infected mice were significantly reduced by dosages of -1 mg of ceftriaxone per kg or -64 mg of ampicillin per kg (P < 0.05), whereas moxalactam in dosages as high as 16 Diluted solutions of these agents were added to Mueller-Hinton broth. To determine the minimal inhibitory concentrations (MICs), tubes containing 1 ml of broth were inoculated with 5 x 10' bacteria and read for turbidity after 24 h of incubation at 35°C. The minimal bactericidal concentrations were determined by plating 0.01-ml samples from tubes without visible turbidity on blood agar and considering growth of less than five colonies to be bactericidal activity (99.9% killing).
The effect of acidity on the MICs was tested at pH values of 5 to 8. Buffers covering this range were prepared from 0.1 M citric acid and 0.2 M sodium diphosphate. The test system included 0.7 ml of one of these buffers at each pH, 0.1 ml of antibiotic solution in water, and 0. Assessment of in vivo activity. Groups of CF-1 female mice (Carworth Farms, New City, N.Y.) approximately 8 weeks old and weighing 18 to 20 g were inoculated intraperitoneally with 3 x 104 CFU of S. typhimurium LT-2 (10 times the 50% lethal dose) suspended in 0.2 ml of 0.9%o NaCl. Treatment with the various doses of antibiotics was started 24 h later. These doses in 0.1 mt of 0.9o NaCl or 0.1 ml of 0.9% NaCl alone for control mice were injected subcutaneously every 8 h for 3 days. In each dosage group of each experiment, 10 mice were used for observation of mortality, and 5 mice were used for enumeration of the numbers of bacteria in the spleen or blood.
Blood was obtained from the retroorbital plexus with a heparinized Pasteur pipette, and spleens were removed aseptically. The spleens were homogenized in 1 ml of 0.9%o NaCl by using glass mortars fitted with Teflon pestles. Spleen homogenates and blood specimens were serially diluted 10-fold with 0.9o NaCl, and 0.1-ml aliquots were streaked onto tryptic soy agar plates (Difco Laboratories, Detroit, Mich.). Colony counts were made after 24 h of incubation at 35°C. The mean log10 CFU per spleen or per milliliter of blood at 8 h after the last antibiotic dose and the mortality rates during 21 days of observation were used as measurements of drug effect when compared with salinetreated control mice.
RESULTS
In vitro susceptibility testing. The geometric means of triplicate determinations of the MICs were 0.03 ,ug of ceftriaxone per ml, 0.08 ,ug of moxalactam per ml, and 0.4 ,ug of ampicillin per ml. The minimal bactericidal concentration of each compound, indicating .99.9% killing, was the same as the MIC.
When incubated in buffers at pH values less than 5, S. typhimurium LT-2 did not multiply, and MIC determinations could not be performed. All three agents were most active at pH values of 6 or 7 (Table 1) . At pH 5, the MIC of ampicillin increased 8-fold, and the MIC of moxalactam increased 10-fold, whereas the MIC of ceftriaxone increased only 2.5-fold. At pH 8, the MIC of ampicillin increased fourfold, whereas the MICs of ceftriaxone and moxalactam showed little or no change from the values at pH 6 and 7.
Effects of antibiotic treatment in murine infections. The numbers of bacteria in the spleen and blood at the start of treatment and after 3 days of treatment are shown in Fig. 1 . The number of bacteria in the spleen exceeded the number of bacteria per milliliter of blood by approximately 1,000-fold at both times. The excess number of bacteria in the spleen over that in the blood was still greater on a basis of tissue weight because the mouse spleens weighed less than 0.1 g each. Treatment with 64 mg of ampicillin per kg per dose for 3 days prevented the increases in bacterial numbers in both the spleen and the blood that occurred in saline-treated controls.
Data from a representative evaluation of the effect of the three agents on splenic bacterial counts are shown in Fig. 2 (Table 2 ). The mortality rate for saline-treated controls was 100%, and the median number of days after inoculation until death for those mice that died was 4. The intracellularity of this Salmonella infection was suggested in our experiments by the demonstration that the spleen contained greater than 1,000 times more bacteria than did the blood when CFUs per tissue weight were compared. For an antimicrobial drug to be effective in vivo, it must prevent bacterial multiplication in the intracellular environment. The drug first must penetrate into the tissues and then must be active at the site of bacterial multiplication. In regard to the intracellular location of Salmonella spp., the likely sites of multiplication include phagolysosomes of the mononuclear phagocytic cells, which are considerably more acidic than the extracellular fluid. Mouse peritoneal macrophages show intralysosomal pH values of about 4.8 (7), and the phagocytic vacuoles of human neutrophils and monocytes after phagocytosis of staphylococci show pH values as low as 6.0 (15) .
These results with the new beta-lactam antibiotics ceftriaxone and moxalactam in murine Salmonella infection indicate that both drugs are effective in reducing the burden of bacteria in the spleen. On a weight basis, ceftriaxone was superior to both moxalactam and ampicillin. These differences in efficacy were greater than would be suggested by MICs alone. The MICs of ampicillin and moxalactam, respectively, against strain LT-2 were approximately 13 (12) . More sustained serum concentrations of ceftriaxone than of other tested antibiotics have also been detected in rats (11) and mice (2) after intravenous injection. Another factor that may have contributed to the superiority of ceftriaxone is its better stability at low pH. Our examination of the MICs of these antibiotics in buffers containing MuellerHinton broth and S. typhimurium indicated that at pH 5 the MIC of ceftriaxone increased to only two times that obtained at pH 7, whereas the MICs of ampicillin and moxalactam, respectively, increased to 6.3 and 10 times that obtained at pH 7. This greater relative activity of ceftriaxone in an acid environment may be an advantage in providing anti-Salmonella activity in the phagocytic vacuoles inside reticuloerdothelial cells. Differences in the localizations of these antimicrobial agents in tissue in general and in the spleen in particular merit more attention than has been accorded here.
